Abstract: PbO 2 -MnO 2 electrodes were prepared by electrochemical codeposition methods. The electrodes were characterized by scanning electron microscope, X-ray photoelectron spectroscopy, energy dispersive X-ray spectroscopy, and X-ray diffraction. The content of manganese in the electrodes increased with the increase in manganese ion concentration in the solution, which can reach 48.4%. The codeposition of manganese decreased the grain sizes and formed the porous structure. Cyclic voltammetry and galvanostatic charge-discharge measurements were used to evaluate the influence of manganese content in the electrodes on the specific capacitive performance of PbO 2 -MnO 2 electrodes.
Introduction
Supercapacitors are important energy storage devices that have attracted more and more attention due to their long cycle life, high energy density, and fast charging-discharging performance. 1 The capacitive performance of supercapacitors greatly depends on the positive materials. Metal oxides have been considered promising positive materials of supercapacitors for their low cost and high specific capacitance.
2 PbO 2 electrodes prepared by electrodeposition methods possess high conductivity and excellent chemical stability, which can be used as positive materials. 3 Egan et al. prepared lead dioxide electrodes with nanostructure for a lightweight lead-acid battery. 4 Sáeza et al. studied the electrocrystallization mechanism of lead dioxide on glassy carbon electrodes. 5 Moncada et al. prepared PbO 2 nanowires by the template method. 6 Yang et al. obtained free-standing PbO 2 nanowires on titanium foil and studied the electrochemical behavior of PbO 2 nanowire electrodes. 7 Velichenko et al. prepared lead dioxide electrodes from methanesulfonic solution and studied their physicochemical properties. 8 Ghasemi et al. investigated the energy storage capacity of nanostructured lead dioxide formed by pulsed current. 9 Gao et al. designed the hybrid supercapacitors with PbO 2 thin films as positive materials, which show high power and cycle performance. 10 It is worth noting that the conductivity of PbO 2 is excellent, 11 but the specific capacitance of PbO 2 is lower than that of transition metal oxides, such as MnO 2 and NiO. Therefore, combining PbO 2 with highly specific capacitive transition In the present study, PbO 2 -MnO 2 electrodes were obtained by electrochemical codeposition methods through the addition of manganese nitrate to lead nitrate solution. The morphology, composition, and structure of the PbO 2 -MnO 2 electrodes were analyzed by scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were used to evaluate the influence of manganese content in the electrodes on the specific capacitive performance of the PbO 2 -MnO 2 electrodes in 1 two peaks is 4.8 eV. 19 The XPS peaks of O 1s band (Figure 4c ) at 529.6 eV can be found. Both the Mn 2p 3/2 peak at 641.8 eV and Mn 2p 1/2 peak at 653.5 eV can be clearly observed in Figure 4d . The peak separation is 11.7 eV, which indicate that the oxidation state for Mn is Mn 4+ and MnO 2 forms in the composites. 
Results and discussion

Surface morphology and characterization
Electrochemical property
The influence of manganese content in the composites on the electrochemical property of PbO 2 -MnO 2 electrodes was measured by cyclic voltammetry in 1.0 mol L −1 H 2 SO 4 solution. Figure 5 compares the cyclic voltammograms of pure PbO 2 electrodes and PbO 2 -MnO 2 electrodes with different manganese contents at 10 mV s −1 . A pair of oxidation-reduction peaks can be observed for pure PbO 2 electrodes, which indicates that the capacitive characteristics are mainly governed by faradic reactions. 21 The charge process of the pure PbO 2 electrode is associated with the oxidation peak, which is attributed to the oxidation of PbSO 4 . The discharge process is associated with the reduction peak, which is attributed to the reduction of PbO 2 . The corresponding electron transfer reaction is illustrated as follows:
The curve shapes of PbO 2 -MnO 2 electrodes are similar to those of pure PbO 2 electrodes. However, compared with pure PbO 2 electrodes, larger redox peak current densities and curve enclosed areas can be observed for PbO 2 -MnO 2 electrodes. Moreover, the peak current densities and curve enclosed areas increase with the increase in manganese content in the electrodes. It revealed that the specific capacitance of PbO 2 -MnO 2 electrodes should increase with the increase in manganese content in the electrodes.
Electrochemical activity is related to the real surface area per apparent geometric area. 23 The voltammetric charge (q*) is the reflection of the real surface area. The total electrochemical surface area (q T *) can be obtained by plotting the reciprocal of q* against the square root of the scan rate by using the following equation:
The relationship between reciprocal voltammetric charge (q*) (v 1/2 ) for both electrodes is shown in Figure 6 . The q* in the pseudocapacitance region can be defined as the electrochemical active surface area (EASA). Through extrapolating the linear plot to v = 0, the total electrochemical surface area q T * can be obtained. 26 The Figure. 7a. All these electrodes show typical pseudocapacitive behavior with nonlinear discharge curves, 27 which is consistent with the cyclic voltammograms. The discharge process of PbO 2 -MnO 2 electrodes can be divided into different stages. The first stage is a depression discharge curve and the slope decreases with the increase in manganese content in the electrodes. The fast drop can be ascribed to the ionic resistance of electrolyte and internal resistance of the electrodes. 28 The second stage is a discharge plateau. The plateau is prolonged with the increase in manganese content in the electrodes. The existence of plateaus shows the typical pseudocapacitive characteristics, which corresponds to the redox reaction process.
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At the third stage, the discharge curves continue to decline. The specific capacitances of these electrodes can be obtained according to the following equation:
where C is the specific capacitance (F g −1 ), I is the discharge current (A), m is the electrode mass (g), ∆ E is the discharge potential window (V), and ∆ t is the discharge time (s). The obtained specific capacitance is shown in Figure 7b . Obviously, pure PbO 2 electrodes have lower specific capacitance values than PbO 2 -MnO 2 electrodes, which is only 64.3 F g −1 . With the increase in manganese content, the specific capacitance of PbO 2 -MnO 2 electrodes increases. The specific capacitance of PbO 2 -MnO 2 (48.4%) electrodes could reach 374.5 F g −1 , which is also higher than that of MnO 2 prepared by electrodeposition methods (67 F g −1 ). demonstrating the diffusion-controlled kinetics process for the electrode reactions on PbO 2 -MnO 2 electrodes.
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As shown in Figure 8b , when the discharge current density increased from 0. Figure 9 shows the electrochemical impedance spectroscopy (EIS) for the PbO 2 -MnO 2 (48.4%) electrodes and pure PbO 2 electrodes, and the electrical equivalent circuit is also given in Figure 9 (inset). A straight line in the low frequency region and a semicircle part in the high frequency region were clearly observed. The equivalent circuit consists of bulk solution resistance R s , charge transfer resistance R ct , the Warburg resistance (Z w ) related to the diffusion of ions, and the constant phase element (CPE) to replace the double layer capacitance (C dl ) . 33 The result shows that the charge transfer resistance (R ct ) of the PbO 
Discussion
The aforementioned results show that PbO 2 -MnO 2 electrodes possess higher specific capacitance performance than pure PbO 2 electrodes do. It can be attributed to the following factors. First, the porous structure enlarges the electrochemical activity surface area and provides more active sites for the electrolyte ions in contact with the active material, such as lead dioxide and manganese dioxide, which is beneficial for utilizing the active materials. A Supra 55VP FESEM was used to characterize the surface morphology of the PbO 2 -MnO 2 electrodes. The structure of the PbO 2 -MnO 2 electrodes was detected with a Bruker XRD. The grain sizes were calculated by Scherrer's formula. Apollo XV energy dispersive X-ray spectroscopy was employed to investigate the composition of the PbO 2 -MnO 2 electrodes. XPS was conducted by a K-Alpha spectrometer (Thermo Fisher electrodes (10 mm × 10 mm), while the counter and reference electrodes were activated carbon electrodes and saturated calomel electrodes, respectively. The GCD curves were investigated by CT3008 battery test system (China Neware Ltd); the positive electrode materials used PbO 2 -MnO 2 electrodes and the negative electrode materials used activated carbon electrodes.
Conclusions
PbO 2 -MnO 2 electrodes were prepared using electrochemical codeposition methods by the addition of manganese nitrate to lead nitrate solution. The manganese content in the PbO 2 -MnO 2 electrodes increased with the increase in manganese ion concentration in the solution. PbO 2 -MnO 2 electrodes exhibited a porous structure and the crystal size decreased with the increase in manganese content. The specific capacitance of PbO 2 -MnO 2 (48.4%) electrodes can reach 374.5 F g −1 , which is far higher than that pure PbO 2 electrodes (64.3 F g −1 ).
The excellent specific capacitance can be ascribed to the porous structure and the synergy of lead dioxide and manganese dioxide.
